In this study, we investigated the hardening processes and compressive strengths of binary and ternary calcium phosphate cements based on ¢-tricalcium phosphate [Ca 3 (PO 4 ) 2 ] (¢-TCP) ground by a mortar grinder. The cements were prepared by adding tetracalcium phosphate [Ca 4 (PO 4 ) 2 O] (TTCP) and/or calcium hydrogenphosphate dihydrate [CaHPO 4 ·2H 2 O] (DCPD) to the ground ¢-TCP, which hardened on mixing with disodium hydrogenphosphate [Na 2 HPO 4 ] aqueous solution. The binary cement ¢-TCP/TTCP with a molar ratio of 2:1 showed a compressive strength of 35 MPa after hardening, which is based on a 1-day acidbase reaction. The ternary cement ¢-TCP/TTCP/DCPD with molar ratios of ¢-TCP (5060%), TTCP (2030%), and DCPD (1420%,) showed early hardening and an adequate compressive strength of 3043 MPa after a 1-day reaction. In particular, the ternary cement with a molar ratio of 3:2:1 (¢-TCP:TTCP:DCPD) showed compressive strengths of 17, 43, and 56 MPa after 1 h in air, and 1 and 7 days' soaking in saline solution, respectively. These ternary cements hardened to give wellconnected acicular apatite crystals. The hardening process involved hydrolysis of the ground ¢-TCP and acidbase reactions of ¢-TCP/TTCP and DCPD/TTCP.
Introduction
Since Brown and Chow first developed a paste-like calcium phosphate cement, 1) development of paste-like calcium phosphate cements has attracted considerable attention owing to their biocompatibility, injectability, and ease of handling. These pastelike calcium phosphate cements consist of one or more calcium phosphates mixed with an aqueous solution to form a paste that can assume complex shapes and provides a hardened material. Although compressive strength depends on the end product and method of preparation, the reported strengths are in the range 20 50 MPa, which is comparable to the compressive-strength range of cancellous bones (1.545 MPa).
Paste-like calcium phosphate cements thus developed may be classified into two groups on the basis of the type of hardening reaction: i) acidbase reaction among calcium phosphates to form apatite or calcium hydrogenphosphate dihydrate [CaHPO 4 3) A representative example of the latter type is hardening caused by hydrolysis of ¡-tricalcium phosphate [Ca 3 (PO 4 ) 2 ] (¡-TCP). 4 ), 5) Recently, amorphous ¢-TCP ground with a ball mill has been found to be subject to hydrolysis. 6) We reported that H 2 Oincorporated ¢-TCP ground with a mortar grinder is easily hydrolyzed 7) , 8) and hardened when mixed with a 2.5 wt % disodium hydrogenphosphate [Na 2 HPO 4 ] aqueous solution.
9) The ground ¢-TCP cement had compressive strengths of 27 and 42 MPa after 1 and 3 days of soaking in saline solution, respectively. To shorten the hardening period and enhance the compressive strength of the ground ¢-TCP cement, binary and ternary calcium phosphate cements prepared by adding TTCP and/or DCPD to ground ¢-TCP were examined herein. Their hardening processes in physiological solutions were examined by calorimetry, X-ray diffractometry (XRD), and scanning electron microscopy (SEM). In this study, the hardening of the binary calcium phosphate cements proceeded at a slower pace than that of the ground ¢-TCP cement, and the compressive strength of ¢-TCP/TTCP with a particular ratio was comparable with that of the ground ¢-TCP cement. The ternary cement ¢-TCP/DCPD/TTCP with a particular ratio displayed early hardening and sufficiently improved compressive strengths when compared with the ground ¢-TCP cement.
Materials and experimental methods
Three calcium phosphates were used in this study: ¢-TCP and TTCP obtained from Taihei Chemical Industrial Co., Ltd. 10) and DCPD from Wako Chemical Industrial Co., Ltd. Before mixing, only ¢-TCP was ground for 24 h using a mortar grinder (Nitto Kagaku ANM-1000) in order to improve reactivity. 8) The mixing medium for these calcium phosphate powders was disodium hydrogenphosphate [Na 2 HPO 4 ] obtained from Wako Chemical Industrial Co., Ltd. In ¢-TCP/TTCP and ¢-TCP/DCPD, the molar mixing ratios of calcium phosphates were 1:1, 2:1, and 3:1, hereafter abbreviated as ¢-TCP/TTCP(1:1), ¢-TCP/TTCP(2:1), and ¢-TCP/DCPD(3:1), respectively. The molar mixing ratios are given in parentheses. DCPD/TTCP cements without ¢-TCP were examined for comparison with ¢-TCP/TTCP and ¢-TCP/DCPD cements. In DCPD/TTCP cements, the molar mixing ratios of DCPD and TTCP were 1:1, 2:1, 3:1, and 1:2.
In ¢-TCP/TTCP/DCPD cements, the molar mixing ratios of the calcium phosphates were 1:1:3, 1:1:1, 3:1:1, 1:2:1, 2:2:1, 3:2:1, and 4:2:1, hereafter abbreviated as ¢-TCP/TTCP/ DCPD(k:l:m).
The ternary cements were mixed for 30 min in a mortar grinder. Composite cements were prepared by adding 0.40 dm 3 of a 2.5 wt % Na 2 HPO 4 aqueous solution to a calcium phosphate powder mixture of 1.0 g. After mixing for 1 min in an agate mortar, the resultant paste-like mixture was loaded into a Teflon mold, which was 4.0 mm in diameter and 13.0 mm in height. The substance was allowed to harden for 1 h at room temperature, and was then removed from the mold. The cylindrical solid material was ground into a shape that was 4.0 mm in diameter and 10.0 mm in height. According to these procedures, 2530 cylindrical specimens were prepared, and 2025 were soaked in 40 dm 3 of saline solution and kept in a thermostatic chamber at 40.0°C for 1, 3, and 7 days.
The saline-soaked and non-soaked samples were examined by XRD (Rigaku Geigerflex RAD-IA) using a graphite monochromator (Cu K¡1, = 0.15405 nm), and the compressive strength was measured using a motorized test stand (IMADA MV-1000N). The conversion ratio of the composite cement to apatite was estimated from the XRD peak intensity ratio of (0 2 10), (0 4 0), (0 0 1), and (2 1 1) attributed to ¢-TCP, TTCP, DCPD, and apatite, respectively. To study the hardening process of the paste-like mixture (composite cement), the reaction process of the composite cements (1.0 g) was studied for 7 days at 40°C using a microcalorimeter (Thermometric TAM Air). The heat evolution (J·g 1 ) of the reaction in the composite cement was estimated from the area of the exothermic peak. We used SEM (Hitachi S-4700) to study the morphology of the Pt-coated specimens.
3. Results and discussion 3.1 Characterization of materials Figure 1 shows the SEM images of the ¢-TCP, TTCP, and DCPD particles used in this study. The grains of ¢-TCP, TTCP, and DCPD were round and ellipsoidal-like, irregular and ellipsoidal-like, and thin plate-like, respectively. All grain surfaces were smooth. Figure 2 shows the particle size frequency of ¢-TCP, TTCP, DCPD, and ¢-TCP/TTCP/DCPD(3:2:1). The average particle sizes of ¢-TCP, TTCP, DCPD, and ¢-TCP/TTCP/DCPD(3:2:1) are 1.04, 7.82, 27.3, and 2.42¯m, respectively. Figure 3 shows the relationship of the ratios of apatite in ¢-TCP/TTCP(2:1), ¢-TCP/DCPD(1:1), and DCPD/TTCP(1:1) and the ground ¢-TCP cement 9) with soaking time in saline solution at 40°C. These ratios were estimated from the intensity ratios of the XRD peaks attributed to ¢-TCP, TTCP, DCPD, and apatite in the products. The order of apatite formation was as follows:
Apatite formation in ¢-TCP/TTCP cements was based on reaction (1) . The reaction of ¢-TCP/TTCP cements proceeded more slowly than the hydrolysis of the ground ¢-TCP cement. The content of ¢-TCP and TTCP gradually decreased with increasing apatite content, but both were still present after 7 days.
In ¢-TCP/DCPD cements, the resulting products were apatite, while ¢-TCP/DCPD(1:1) cement was expected to form OCP via reaction (2) as well as the reaction of ¡-TCP with DCPD. 11) In the XRD pattern, the intensity of peaks corresponding to ¢-TCP decreased, while those corresponding to DCPD were constant. Apatite formation in ¢-TCP/DCPD(1:1) seems to be based on the hydrolysis of ¢-TCP without the reaction of ¢-TCP with DCPD. The hydrolysis of ¢-TCP proceeds according to reaction (3) . The rates of these reactions were considerably lower than that of the ground ¢-TCP cement. Thus, apatite formation from ¢-TCP in ¢-TCP/DCPD cements seems to be suppressed by DCPD.
The reaction of DCPD/TTCP(1:1) based on an acidbase reaction proceeded faster than that of other binary cements. When the amount of acidic DCPD was increased, the formation of apatite and OCP was confirmed in DCPD/TTCP(2:1) and DCPD/TTCP(3:1). These reactions are explained by the following chemical reactions.
Hardening thermoprofiles of binary cements
To examine the reaction processes in the binary cements, calorimetry was performed for 7 days at 40°C. Figure 4 shows the thermoprofiles of ¢-TCP/TTCP, ¢-TCP/DCPD, and DCPD/ TTCP cements. The thermoprofiles of ¢-TCP/TTCP and DCPD/ TTCP cements had two exothermic peaks as shown in Figs. 4(a) and 4(c). The heat evolution of the first exothermic peak is summarized in Table 1 (a). The list also includes the heat evolution of the first exothermic peaks corresponding to ¢-TCP/ TTCP/DCPD.
Brown et al. reported that the thermoprofiles of DCPD/TTCP cements showed two exothermic peaks, and suggested that the first peak corresponds to the formation of noncrystalline calcium phosphate and nanocrystalline hydroxyapatite, while the second peak corresponds to the formation of stoichiometric or Cadeficient hydroxyapatite. 12), 13) As shown in Fig. 4 (c), in our experiment with DCPD/TTCP cements, the heat evolution of the first exothermic peak increased with the content of TTCP, and the second exothermic peak appeared earlier in the time profile. The time of appearance of the second exothermic peak varied between 9, 6.5, and 2 h depending on the amount of TTCP in DCPD/TTCP(2:1), DCPD/ TTCP(1:1), and DCPD/TTCP(1:2), respectively.
As shown in Fig. 4 (a) for ¢-TCP/TTCP, the second peak appeared immediately after the appearance of the first peak, at ³1.6, ³1.2, and ³0.9 h in ¢-TCP/TTCP(3:1), ¢-TCP/ TTCP(2:1), and ¢-TCP/TTCP(1:1), respectively. The power of both exothermic peaks increased with the amount of TTCP, and the second exothermic peak appeared earlier in the time profile. The heat evolution corresponding to the exothermic peaks increased in the order ¢-TCP/TTCP(3:1) < ¢-TCP/TTCP(2:1) < ¢-TCP/TTCP(1:1) in accordance with apatite formation, as estimated by XRD after 7 days. The two exothermic peaks are considered to be caused by the formation of non-crystalline calcium phosphate and apatite, similar to the case of DCPD/TTCP.
The thermoprofiles for ¢-TCP/DCPD cements in Fig. 4 (b) showed a small exothermic peak at 0.2 mW·g . Although no heat evolution was observed for the initial 1 h owing to technical problems with the measurement, the thermoprofiles obtained after 2 h were similar to that corresponding to the hydrolysis of ¢-TCP in the ground ¢-TCP cement.
9) XRD analysis and thermoprofiles of ¢-TCP/DCPD cements showed that apatite was formed by the hydrolysis of ¢-TCP.
Shape of apatite crystals from binary cements
The fracture surfaces of the hardened binary cements were examined by SEM. Figure 5 shows the SEM images of the fracture surfaces of ¢-TCP/TTCP(2:1), ¢-TCP/DCPD(1:1), and DCPD/TTCP(1:1).
In ¢-TCP/TTCP(2:1), acicular crystals of apatite grew on the surface of ¢-TCP and TTCP particles after 1 h in air. After 1 day, unchanged particles were still observed in cavities. With increasing reaction time, the acicular crystals grew in number and became entangled with each other.
In ¢-TCP/DCPD(1:1), after 1 h in air, it was observed that the surfaces of the plate-like DCPD particles were smooth, while those of ¢-TCP particles had fine acicular crystals of apatite. As mentioned previously, these apatite crystals were formed by the hydrolysis of ¢-TCP. After 1 day, residual ¢-TCP particles were observed in cavities. With increasing reaction time, ¢-TCP particles and cavities decreased in size, and the acicular crystals grew in number. The plate-like DCPD particles seemed to be covered in the formed crystals after 7 days.
In DCPD/TTCP(1:1), petal-like crystals of apatite were observed on the surfaces of DCPD and TTCP particles. With increasing reaction time, the formed petal-like crystals grew on the surfaces of particles and preserved the original shape of DCPD and TTCP particles to a certain extent. DCPD and TTCP particles seem to be loosely connected by the petal-like apatite crystals.
Compressive strength of binary cements
Compressive-strength tests were performed to investigate the hardness of the binary cements. Table 2 shows the compressive strengths of the cements. The list also includes the compressive strengths of the ternary cements (¢-TCP/TTCP/DCPD) and the ground ¢-TCP cement. Figure 6 shows the compressive strengths of some binary cements. Each data point is the average value obtained from four to five specimens.
The compressive strength of ¢-TCP/TTCP cements increased with soaking time in saline solution, except for ¢-TCP/ TTCP(1:1), as shown in Figs. 6(a)6(c) . ¢-TCP/TTCP cements showed a compressive strength of 13 MPa after 1 h in air, which is lower than that of the ground ¢-TCP cement (8 MPa), as shown in Table 2 . However, the compressive strength of ¢-TCP/ TTCP(2:1) was 35 MPa after 1 day of soaking in saline solution and then increased to 40 MPa after 7 days owing to the entanglement of acicular apatite crystals shown in Fig. 5 . Only ¢-TCP/TTCP(2:1) improved the compressive strength of the ¢-TCP cement. Among ¢-TCP/TTCP cements, no difference was clearly observed in the entanglement of acicular apatite from the SEM images.
The compressive strength of ¢-TCP/DCPD cements fell in the range 1319 MPa and increased with the content of ¢-TCP in the cements. The crystal growth of the acicular apatite was derived from the hydrolysis of ¢-TCP; therefore, the compressive strength of ¢-TCP/DCPD cements increased with the ¢-TCP content. The weak compressive strength in the region 1319 MPa seems to be caused by the presence of unreacted DCPD particles DCPD/TTCP cements had extremely weak compressive strengths which were lower than ³7 MPa. These strengths did not vary over the 7-day period. Although the reactions in these cements were faster than those in the other binary cements, the resulting petal-like apatite crystals did not become entangled with each other.
¢-TCP/TTCP/DCPD ternary cements
Among ¢-TCP/TTCP and ¢-TCP/DCPD, only ¢-TCP/ TTCP(2:1) showed a compressive strength of 40 MPa, comparable with the ground ¢-TCP cement. However, ¢-TCP/TTCP cements with different molar ratios and ¢-TCP/DCPD cements did not improve the compressive strength of the ground ¢-TCP cement. To develop cements with faster hardening reactions and sufficient mechanical strength, we developed the ternary cement ¢-TCP/TTCP/DCPD based on the ground ¢-TCP cement.
Apatite formation in ternary cements
XRD analysis confirmed the reaction products of ¢-TCP/ TTCP/DCPD cements as apatite. Figure 7 shows the ratios between the X-ray diffraction peak intensities of apatite and Table 1 . Heat evolution of the first exothermic peak in the thermoprofiles of composite cements in the binary/ternary system In ¢-TCP/TTCP/DCPD(1:1:3), which contains 60 mol % acidic DCPD [ Fig. 7(a) ], OCP was not observed in the products, although DCPD/TTCP(3:1) yielded OCP. TTCP was removed until 3 days via the reaction of DCPD/TTCP. The XRD peak intensity of DCPD remained almost constant from 3 to 7 days. After 3 days, the ratio of apatite gradually increased owing to the hydrolysis of ¢-TCP and reached 40% after 7 days. The hydrolysis of ¢-TCP was suppressed similar to the case of ¢-TCP/DCPD cements. The acidbase reaction of DCPD/TTCP and the hydrolysis of ¢-TCP were attributed to apatite formation in this ternary cement.
In ¢-TCP/TTCP/DCPD(1:1:1), DCPT and TTCP were removed until 3 days by the fast reaction of DCPD with TTCP. Then, ¢-TCP decreased with an increase in apatite content owing to the hydrolysis of ¢-TCP.
In ¢-TCP/TTCP/DCPD(3:1:1) [ Fig. 7(b) ], DCPD was removed until 1 day by the reaction of TTCP with DCPD, and TTCP was also removed until 3 days by the reaction of ¢-TCP with TTCP. Thereafter, ¢-TCP continued to decrease with an increase in apatite content owing to the hydrolysis of ¢-TCP.
In ¢-TCP/TTCP/DCPD(1:2:1), DCPD was removed until 3 days, and the content of ¢-TCP and TTCP decreased with an increase in apatite content. In this cement, the reactions of TTCP/ DCPD and ¢-TCP/TTCP are attributed to apatite formation. In ¢-TCP/TTCP/DCPD(4:2:1), DCPD and TTCP were removed until 1 day by the reactions of DCPD/TTCP and ¢-TCP/TTCP. Thereafter, the ¢-TCP content decreased at the same rate as that of the hydrolysis of the ground ¢-TCP cement, and the conversion of apatite exceeded 90% at 7 days.
The reactions that involve hardening of ¢-TCP/TTCP/DCPD cements are summarized as the follows:
¢-TCP=TTCP;
Although the order of reactivity of these three reactions was described as hydrolysis of ¢-TCP ² DCPD/TTCP > ¢-TCP/ TTCP in the section on binary cements, the order of reactivity in the ternary cements differed from that in the binary cements. Thus, the reactions of DCPD/TTCP and ¢-TCP/TTCP mainly afforded apatite in the early hardening stage of ¢-TCP/TTCP/DCPD cements, while the hydrolysis of ¢-TCP gradually proceeded through hardening to give apatite. In the cases of relatively high contents of ¢-TCP, such as ¢-TCP/TTCP/DCPD(3:1:1), ¢-TCP/ TTCP/DCPD(2:2:1), ¢-TCP/TTCP/DCPD(3:2:1), and ¢-TCP/ TTCP/DCPD(4:2:1), DCPD was removed until 1 day, which is in contrast with the case of DCPD/TTCP cements, as shown in Fig. 3(c) .
Hardening thermoprofiles of ternary cements
The thermoprofiles of ¢-TCP/TTCP/DCPD cements at 40°C in air over a time span of 5 h are shown in Fig. 8 . The thermoprofiles of the cements exhibited two exothermic peaks, and the intensity and appearance time of the exothermic peaks depended on the molar ratios of ¢-TCP, TTCP, and DCPD. As the molar ratio of TTCP was increased, the second exothermic peak appeared earlier, which is similar to the behaviors of ¢-TCP/TTCP and DCPD/TTCP cements. These two exothermic peaks are related to the formation of non-crystalline calcium phosphate and apatite as well as ¢-TCP/TTCP and DCPD/TTCP cements. Because the thermal power for the hydrolysis of ¢-TCP is 0.2 mW·g 1 , the peak that corresponds to the hydrolysis of ¢-TCP was not distinguished. These thermoprofiles appeared to reflect the combination of the reactions of ¢-TCP/TTCP and DCPD/TTCP and the hydrolysis of ¢-TCP in the ternary cements, as described previously.
As shown in Fig. 4 , comparing the thermoprofiles of the binary cements shown in, it was observed that the second exothermic peaks corresponding to ¢-TCP/TTCP/DCPD(1:2:1), ¢-TCP/ TTCP/DCPD(2:2:1), and ¢-TCP/TTCP/DCPD(3:2:1) appeared earlier than that corresponding to TTCP/DCPD(2:1), while the second exothermic peaks corresponding to ¢-TCP/TTCP/ DCPD(1:1:3), ¢-TCP/TTCP/DCPD(1:1:1), ¢-TCP/TTCP/ DCPD(3:1:1), and ¢-TCP/TTCP/DCPD(4:2:1) appeared earlier than those corresponding to TTCP/DCPD(1:2) and TTCP/ DCPD(1:1). Furthermore, the heat evolution of the first exothermic peak corresponding to the ternary cements, except for ¢-TCP/TTCP/DCPD(1:1:3), fell within the range 88111 kJ·g 1 , which was larger than that corresponding to the binary cements (490 kJ·g 1 ), as shown in Table 1 . These results suggest that the reaction in the ternary cements promotes the formation of apatite more effectively than that in the binary cements.
The earlier appearance of the second exothermic peaks corresponded to an earlier disappearance of DCPD in the XRD spectra. These results suggested that the reaction of DCPD/ TTCP in ¢-TCP/TTCP/DCPD cements proceeded faster than that in DCPD/TTCP cements. Therefore, ¢-TCP appeared to enhance the reaction of DCPD/TTCP in the ternary cements. This enhancement can be explained as follows. ¢-TCP in the ternary cements was gradually hydrolyzed to yield H 3 PO 4 , as shown in Eq. (3), which decreased the local pH in the cements and enhanced the solubility of DCPD. An increase in solubility would promote the reaction of DCPD/TTCP in ternary cements. Figure 9 shows the SEM images of the fracture surfaces of ¢-TCP/TTCP/DCPD(1:1:3), ¢-TCP/TTCP/DCPD(2:2:1), and ¢-TCP/TTCP/DCPD(3:2:1). Each sample after 1 h in air showed that a larger number of apatite crystals were formed on the surface of the starting materials compared with the binary cements (Fig. 5) .
Shape of apatite crystals from ternary cements
¢-TCP/TTCP/DCPD(1:1:3) gave petal-like crystals, which were similar to the crystals obtained from DCPD/TTCP. Although the petal-like crystals grew in number on the surface of particles with reaction time, little entanglement of crystals was observed at 7 days.
In ¢-TCP/TTCP/DCPD(2:2:1) and ¢-TCP/TTCP/DCPD-(3:2:1), substantial numbers of petal-like and acicular crystals were formed on the surface of the starting materials at 1 h. The shape of the apatite crystals suggested that the reactions of DCPD/TTCP and ¢-TCP/TTCP and the hydrolysis of ¢-TCP occurred in these ternary cements. With increasing reaction time, DCPD particles larger than the other calcium phosphate particles disappeared via a rapid reaction of DCPD/TTCP, and the acicular apatite crystals were consequently connected to each other. No substantial difference was observed between ¢-TCP/TTCP/ DCPD(2:2:1) and ¢-TCP/TTCP/DCPD(3:2:1) from the SEM images. Other ternary cements, ¢-TCP/TTCP/DCPD(3:1:1) and ¢-TCP/TTCP/DCPD(4:2:1), also showed sufficient entanglement of acicular crystals, similar to that observed in ¢-TCP/ TTCP/DCPD(3:2:1).
Compressive strength of ternary cements
The compressive strength of the ternary cements is shown in Table 2 and Fig. 10 . Each data point in Fig. 10 is the average value obtained from four to five specimens.
Although the compressive strength depended on the molar ratios of ¢-TCP, TTCP, and DCPD, the compressive strengths of the ternary cements at 1 h in air were in the range 816 MPa, which were higher than those of the ground ¢-TCP cement (8 MPa) and binary cements (16 MPa). Thus, the ternary cements hardened earlier than the ground ¢-TCP cement and the binary cements. This hardening of ternary cements until 1 h in air was due to larger formation of apatite crystals than that in the binary cements, as indicated by the SEM observations shown in Figs. 9(a) and 5(a) .
In particular, the compressive strengths of ¢-TCP/TTCP/ DCPD(3:1:1), ¢-TCP/TTCP/DCPD(3:2:1), and ¢-TCP/TTCP/ DCPD(4:2:1) increased with soaking time after 1 h, reaching 43 56 MPa at 7 days. These values were higher than those of the ground ¢-TCP cement and ¢-TCP/TTCP(2:1). In these ternary cements, the molar ratios of ¢-TCP, TTCP, and DCPD were 50 60%, 2030%, and 1420%, respectively. Among these ternary cements, ¢-TCP/TTCP/DCPD(3:2:1) had the highest strength at all saline soaking times. The compressive strengths of its ternary cement were 16.7 « 0.7, 42.9 « 2.9, and 55.8 « 2.0 MPa after 1 h in air, and 1 and 7 days of soaking in saline solution, respectively. The hardening process of ¢-TCP/TTCP/DCPD(3:2:1) up to 1 h is shown in Fig. 11 , which shows the compressive strength following its removal from the Teflon mold compared with its compressive strength in the mold from 10 to 60 min. The cement quickly hardened to an adequate strength of ³13 MPa after 40 min.
Fast hardening with sufficient compressive strength was accomplished by the ternary cements with molar ratios of ¢-TCP (5060%), TTCP (2030%), and DCPD (1420%). Fast hardening with sufficient compressive strength was not induced by the simple combination of ¢-TCP/TTCP, DCPD/TTCP, and the ground ¢-TCP cement, but by the synergistic reactions among ¢-TCP, TTCP, and DCPD. The synergistic effect can be explained as follows. The hardening period can be shortened by increasing the reaction rate of DCPD/TTCP in the presence of ¢-TCP. Relatively high strengths in the early stages (up to 1 h) were attributed to the entanglement of apatite crystals formed by the fast reactions of DCPD/TTCP and ¢-TCP/TTCP, which accompanied the relatively slow hydrolysis of ¢-TCP. The increase in the compressive strengths of ternary cements after 7 days was attributed to the extensive-entanglement of acicular apatite crystals formed by the hydrolysis of ¢-TCP and the reaction of ¢-TCP/TTCP.
The effectiveness of the present combination of ¢-TCP, TTCP, and DCPD suggests that other combinations of calcium phosphates based on acidbase reactions and hydrolysis may further improve the hardening processes and compressive strengths.
Conclusions
In this study, binary and ternary calcium phosphate cements based on ground ¢-TCP were prepared by the addition of TTCP and/or DCPD to ground ¢-TCP. The hardening processes and compressive strengths of the resulting cements were investigated.
Among ¢-TCP/TTCP and ¢-TCP/DCPD, only ¢-TCP/ TTCP(2:1) showed a compressive strength of 35 MPa at 1 day, which is comparable with that of the ground ¢-TCP cement.
¢-TCP/TTCP/DCPD cements with molar ratios of ¢-TCP (5060%), TTCP (2030%), and DCPD (1420%) exhibited faster hardening and higher compressive strengths than those exhibited by the ground ¢-TCP cement and binary cements. These ternary cements hardened to give well-connected acicular apatite crystals. The hardening processes were based on the hydrolysis of ¢-TCP and acidbase reactions of ¢-TCP/TTCP and DCPD/TTCP. The optimum molar mixing ratio of ¢-TCP, TTCP, and DCPD was 3:2:1. This ternary cement gave compressive strengths of 17, 43, and 56 MPa after 1 h in air, and 1 and 7 days of soaking in saline solution, respectively. Its hardening period was shortened to obtain a compressive strength of ³13 MPa after 40 min. Thus, ¢-TCP/TTCP/DCPD (3:2:1) showed a sufficiently short hardening period and a high compressive strength for potential application as a bone cement.
